The dengue virus is a vector-borne disease transmitted by mosquito Aedes aegypti and the incidence is strongly influenced by temperature and humidity which vary seasonally. To assess the effects of temperature on dengue transmission, mathematical models are developed based on the population dynamics theory. However, depending on the hypotheses of the modelling, different outcomes regarding to the risk of epidemics are obtained. We address this question comparing two simple models supplied with model's parameters estimated from temperature-controlled experiments, especially the entomological parameters regarded to the mosquito's life cycle in different temperatures. Once obtained the mortality and transition rates of different stages comprising the life cycle of mosquito and the oviposition rate, we compare the capacity of vector reproduction (the basic offspring number) and the risk of infection (basic reproduction number) provided by two models. The extended model, which is more realistic, showed that both mosquito population and dengue risk are situated at higher values than the simplified model, even that the basic offspring number is lower.
Introduction
Dengue virus is a flavivirus transmitted by arthropod of the genus Aedes and the disease resulting from this infection constitutes major public health problems in many tropical and subtropical regions of the world where Aedes aegypti is present. When an infectious mosquito injects the dengue virus in a susceptible host during the blood meal, after a period of time, which varies in average from 4 to 6 days, the dengue disease can evolve from asymptomatic or classical dengue fever to the hemorrhagic dengue, which can lead to the death of the host. The manifestation of the symptoms varies between 3 and 7 days, which corresponds roughly to the infectious period. Thereafter, the recovered individual develops a life long specific immunity against the infecting serotype of virus. Female mosquitoes are infected during the blood meal from infectious individuals in the viremic period and they transmit the infection after a period of time which situates between 7 and 10 days, probably throughout the life-span (Mandell et al., 2005) .
The extrinsic incubation period of dengue virus among female mosquitoes is large compared to their survival time, which, as other entomological parameters regarding to mosquito's life cycle (Rueda et al., 1990) , is sensitively depending on the temperature (Nelson, 1986; Focks et al., 1993a,b) . However, the risk of dengue transmission is highly potentiated due to the A. aegypti bitings occurring during the day. In order to prevent dengue outbreak, periodic surveys designed to detect changes in key adult indices are important since they allow the detection of adult population fluctuations, which may prompt changes to vector control strategy. However, ecological, behavioral and control information on population size, distribution, survivorship, seasonal abundance and insecticide susceptibility are required for an understanding of epidemic potential and for the formulation of control strategies (Monath, 1989) . The size of the mosquito population can be assessed if we are able to estimate the rates of mortality and transition in different stages of the life cycle: egg, larva and pupa comprising the aquatic stage, and adult mosquito (winged stage). By the means of population dynamics theory, we take into account the flows between successive compartments of the mosquito's life cycle in order to determine the size of the dengue vector population. Mathematical model when supplied with reasonable estimation of the entomological parameters provides the trends of the mosquito population over time. Yang et al. (2009a,b) presented mathematical models dealing with mosquito population and dengue transmission. Also, labo-ratory experiments regarding to the estimation of entomological parameters were described. For instance, Yang et al. (2009a) estimated the entomological parameters concerned to the whole aquatic phase based on the follow up of hatched eggs up to the emerging of adult mosquitoes. Then, those parameters were supplied to a mathematical model structured in two compartments, e.g., aquatic phase and adult mosquitoes, to assess the effects of temperature on the transmission of dengue (Yang et al., 2009b) . Based on those previous papers, in this paper we present a mathematical model including more details about the life cycle of mosquito population, that is, we consider three compartments: larva, pupa and adult mosquitoes. Since the aquatic phase is split into two stages, larval and pupal, we must estimate the entomological parameters regarding larval and pupal stages. In order to provide larval and pupal entomological parameters to the extended model, we present an estimation procedure using data from the follow up of whole aquatic phase, by considering the parametrized survival function presented in Yang et al. (2003) and used in Yang et al. (2009a) . Supplying the model with these estimated entomological parameters, we can assess the consequences of including more details in the mathematical modelling.
Laboratory experiments consisted in following up of the entire aquatic forms of mosquito and collecting data every 24 h. However, larval and pupal stages are very short, arising questions about the appropriateness of one day observations. In order to address this feature, we compare the estimations obtained from the followed up of larval stage every 24 h (one day) with those obtained from every 8 h.
The paper is structured as follows. In Section 2 we present mathematical model and estimation methods. In Section 3 we present results regarding to the estimated entomological parameters and we assess the size of mosquito population and the risk of dengue epidemics. In Section 4 we present discussions and conclusion.
Mathematical Model and Estimation Method
To assess the incidence of dengue varying with temperature, we first present a compartmental model encompassing three stages in the mosquito's life cycle: larva, pupa and adult. With respect to adult mosquitoes, we are taking into account only female mosquitoes, assuming that there are sufficient males to copulate with them. After this, we deal with the estimation of the entomological parameters regarding to larval and pupal stages: we describe the procedure adopted to treat appropriately the data from following up of whole aquatic phase.
Mathematical Model
In order to determine the risk of dengue due to the number of mosquitoes, we developed a deterministic model to describe the dynamics of mosquito population. The dynamics of vector population is based on the life cycle of the mosquito A. aegypti, which comprises three successive aquatic phases (egg, larva and pupa) and one adult form, each one allocated in a compartment. The number of eggs was determined by the oviposition rate ϕ(M) = M, where is the per-capita oviposition rate and M is the number of female mosquitoes M. The effective larvae production rate was given by M(1 − L/C), where (1 − L/C) was the available capacity of the recipients to receive larvae from hatched eggs, with C being the total (carrying) capacity of the recipients. The number of larvae at time t, L, increased when eggs were hatched ( ) and decreased according to change of larvae to pupae and death, described, respectively, by the changing l and the mortality l rates. The number of pupae in time t, P, increased with change of larvae to pupae ( l ) and decreased according to transformation of pupae to adult mosquitoes and death, described, respectively, by the emerging p and the mortality p rates. Finally, the number of female mosquitoes at time t, M, increased according to the emerging of pupae ( p ) and decreased according to the mortality rate f .
By joining the egg and larva phases, the model assumes that a fraction k of viable eggs is hatched to larvae without constraint (Regis et al., 2008) , however larvae are constrained to the carrying capacity due to, for instance, limited amount of resources and competition among them. Another oversimplification is that a fraction f of hatching eggs will generate female mosquitoes, which comes from the assumption that there are sufficient male mosquitoes so that the probability of mating is one. Hence, the dynamics of the mosquito population can be described by the following ordinary differential equations
All the previously defined parameters of the model are temperature-depending, which in turn depends on time. We analyze the model assigning to the model's parameters averaged values with respect to calendar year. Considering constant values of the parameters, the system of Eqs. (1) has two equilibrium points. The trivial equilibrium point is given by L* = 0, P* = 0 and M* = 0; and the non-trivial is
where the basic offspring number Q 0 is given by
with 0 ≤ f, f ≤ 1. Following the procedure presented in Yang et al. (2009a) , we can show that the absence of mosquito population is stable if Q 0 ≤ 1; otherwise, the presence of mosquito population in a community is stable. The basic offspring number Q 0 is key parameter in population dynamics theory, and the mathematical expression depends on the details considered in the development of the model. The parameter Q 0 deserves biological interpretation. Note l −1 is the average period of time elapsed since the hatching of eggs (the probability of an egg hatching is k) until reaching the next pupal stage, and ( l + l ) −1 is the average surviving period of time in the larval stage until entering in the next pupal stage, where the removals include the passage to the next pupal stage and mortality of larvae. Hence,
is the probability that a larva survives during the larval stage, and enters to the pupal stage. Similarly, p /( p + p ) is the probability that a pupa survives during the pupal stage, and transforms to adult mosquito. With respect to the last term of the product, f −1 is the average survival time of female mosquito and f is the fraction of eggs originated from an average per-capita oviposition rate that will become female mosquitoes; then f / f is the mean number of viable 'female' eggs produced by a female mosquito during entire life-span. Therefore, Q 0 is the number of eggs that will become female mosquitoes generated by a female mosquito that hatched from an egg and survived larval and pupal stages. Q 0 can also be interpreted roughly as the mean number of viable female offsprings produced by one female mosquito during the entire survival time.
If the mean number of viable female offsprings produced by one female mosquito is lower than one (Q 0 < 1), the trivial equilibrium point is an attractor disregarding the initial conditions. To prove that absence of mosquitoes is globally stable for Q 0 ≤ 1, let us define Lyapunov function V : R 3 + → R as
The orbital derivative iṡ
which is lower than or equal to zero for Q 0 ≤ 1. By inspecting the system of Eqs.
(1), it can be seen that the maximal invariant set contained inV = 0 is the trivial equilibrium point. Then, from La-Salle Lyapunov Theorem (Hale, 1969) , the mosquito free equilibrium point is globally asymptotically stable for Q 0 ≤ 1. The dengue transmission model takes into account the interaction between mosquitoes and humans. The density of mosquito population is strongly depending on temperature and humidity and changes in a short time interval, while human population is practically unchanged in the time scale of several generations of mosquitoes. Hence, the mosquito population is allowed to vary over time t, while the human population is assumed to be constant, with N being the size of the human population. The human population divided into four compartments according to the natural history of the disease: s, e, i and r, which are the fractions at time t of, respectively, susceptible, exposed, infectious and recovered individuals. Similarly, the adult female mosquito population is divided into three compartments: M 1 , M 2 and M 3 , which are the number at time t of, respectively, susceptible, exposed and infectious mosquitoes. However, we can introduce a simple way to allow variation in the human population changing the constant newborns rate N by the total input˝, which encompasses also the migration.
Dengue transmission is sustained as follows. The susceptible humans are infected during the blood meal by infectious mosquitoes, with the per-capita transmission coefficient (or rate) being designed byˇ h , which depends on the frequency of bites on humans by mosquitoes. The exposed individuals are, then, transferred to infectious class by the rate˛, where˛− 1 is the average intrinsic incubation period. These infectious individuals are removed to recovered (immune) class after an average recovery period Á −1 , where Á is the recovery rate. Neither loss of immunity (we are restricted to only one serotype infection) nor induced mortality due to the disease is considered, and we assume a constant mortality rate among humans. With respect to the adult mosquito population, the susceptible mosquitoes are infected at a total rateˇm, which is the product between human population size N and per-capita rateˇ m . These exposed mosquitoes are transferred to infectious class at a rate , where −1 is the average extrinsic incubation period, and remain infective until death. The total size of the mosquito, which varies, is assigned by
Based on the above considerations, the dynamics of dengue transmission can be described by
in the mosquito population, which does not take into account the transovarian transmission, and by
in the human population, where s + e + i + r = 1. Notice that, due to a constant population N, we haveˇm = Nˇ m . The system of Eqs. (6) and (7) has three equilibrium points: mosquito free community given by
= 0, s * = 1 and e * = i * = r * = 0, where the non-zero coordinates of the mosquito population at equilibrium are given by the Eq. (2); and the dengue settle at an endemic level given by L * , P * ,
, s*, e*, i* and r*, with all coordinates assuming positive values: for mosquitoes population,
where Q 0 is given by Eq. (3), and for human population,
with the infectious humans i* being given by
, which is positive if R 0 > 1, where the basic reproduction number R 0 , usingˇm = Nˇ m , is defined by
withˇt h , which is the threshold transmission coefficient regarded to the product of the per-capita dengue transmission coefficientš h andˇ m , being given by
By the fact that R 0 depends on the number Q 0 , this can be seen as a risk factor of dengue outbreak. Following the procedure presented in Yang et al. (2009b) , we can show that the equilibrium point regarding to mosquito free community is stable if Q 0 < 1; the disease free community is stable if Q 0 > 1 and R 0 < 1; and the dengue at an endemic level is stable if Q 0 > 1 and R 0 > 1.
Let us interpret R 0 rewriting it as
where
is given by Eq. (2). This expression results from a model where an entire aquatic phase was split into two classes, resulting in a more reliable estimation than the simplified model (Leite et al., 2000) . Let us suppose that one infectious mosquito is introduced in a completely susceptible populations of mosquitoes and humans, which have M* and N, respectively, as the numbers that can potentially be infected. This unique infectious mosquito bites, in average,ˇ h M * / f number of susceptible humans (ˇ h / f is the per-capita number of bites) during the infectious period. Afterwards, these exposed humans must survive the intrinsic incubation period, with probability˛/(˛+ ), and, then, are bitten, in average, byˇ m N/(Á + ) number of susceptible mosquitoes during the infectious period. Finally, the probability that these exposed mosquitoes survive during the extrinsic incubation period and become infectious mosquitoes is given by /( + f ). Therefore, R 0 is the average number of secondary infectious mosquitoes produced by one infectious mosquito introduced in completely homogeneous and susceptible populations of mosquitoes and humans. This number also measures both the severity of the infection in a community and the necessary efforts to eradicate the epidemics. The introduction of one infectious human follows similar interpretation.
Both Q 0 and R 0 differ from those presented in Yang et al. (2009a,b) , but result in them by letting l → ∞ or p → ∞, and calling the remaining compartment as aquatic phase. Yang et al. (2009a,b) considered whole aquatic phase, and for this reason mortality and transition rates regarding to the aquatic phase were estimated. Now, we split aquatic phase in larval and pupal stages. From the same set of data considering whole aquatic phase (follow up from larva until emerging of adult mosquito), we can determine mortality and transition rates regarding to separated larval and pupal stages.
Estimation of the Entomological Parameters
First, we reproduce the description of the temperaturecontrolled experiments given in Yang et al. (2009a) , and then we show how we must proceed to determine entomological parameters of larval and pupal stages.
Temperature-controlled experiments aim to assess the effects of temperature in the development and in the survival of immature (aquatic) forms and the survival and oviposition of adult A. aegypti mosquitoes. In each experiment, a fixed number of larvae or mosquitoes was set in a germination chamber where the temperature was regulated (the device did not allow the control of humidity). The strain of the A. aegypti used in the tests was that captured from the City of Marlia (−22 • 12 50 latitude and 49 • 56 45 longitude, 350 km far from the City of São Paulo), situated at northwest of the São Paulo State, Brazil.
The condition with respect to the light inside the germination chamber was programmed to simulate the seasonal photoperiod that occurs in the nature. The period of one day was divided in 'day' (light turned on) and 'night' (light turned off), according to the photoperiod that occurs in the City of Marlia. Inside the germination chamber two temperatures were fixed, corresponding to light and dark periods. The weighted (with respect to periods of time when the light was turned on or turned off) mean temperature calculated from records on a week-period paper in a thermohigrograph settle inside the chamber was taken to be the temperature of the experiment.
With respect to the adult mosquitoes, the experiment consisted in following up mosquitoes, since they emerged from pupae, to estimate the mean survival time, from which we derive the mortality rate, as well as the number of eggs laid in each temperature. In a cage we put together newly emerged 100 female and 30 male mosquitoes, and also an amber glass containing a filter paper for egg-laying. Inside the cage, necessary food (water with honey) was supplied abundantly, and once a day they received blood meal from immobilized mouse in order to allow the development of the fertilized eggs. These eggs that were laid on the filter paper were counted everyday, and the filter paper was replaced. The numbers of surviving male and female mosquitoes were also recorded every day. This temperature-controlled experiment was aimed to evaluate the influence of temperature on longevity and on one aspect of fertility, through egg production. The experiment was carried on from 16 August 2002 to 12 December 2004.
With respect to the aquatic phase, we dealt with the survival time and the length of time they spent in the stages of larva and pupa on different temperatures. We selected 100 newly hatched eggs, in the first instar larvae, and they were placed in a basin with the availability of food (diet of fish) inside the germination chamber. When fourth instar larvae turned into pupae, they were transferred to individual hearing vials with caps and remained inside the chamber. The observation persisted until the emergence of adult mosquito. As the foregoing procedure, the numbers of dead immatures as well as the instar change to the next stage (and also to pupal stage) were recorded every day. However, to the experiment at the temperature of 10 • C, we proceeded as follows: we allowed the emerging of larvae at the stages L2, L3 and L4 and pupae in a favorable temperature (250 • C), and then we exposed them at 10 • C. This temperature-controlled experiment was carried on from 21 January 2004 to 25 July 2005.
The experiments in the germination chamber aimed to measure the effects of temperature in the development and survival in the aquatic phase of mosquito's life cycle. This is the reason why we started the follow up with first larval stage and not with eggs because, beyond the temperature, the hatchability of eggs are influenced by many factors as bad embryonal development and desiccation. In a naive experiment (eggs were allowed to hatch to larvae in constant temperature), we obtained the following average eclosion rates (in percentage) 0, 94.1, 84.7 and 69.4, respectively for 15, 20, 25 and 30 • C. In a more refined experiment, Farnesi et al. (2009) obtained higher eclosion rates.
The data collected from temperature-controlled germination chamber were fitted taking into account the probability of maintaining the original state and the probability density to occur the change of state. These functions were parametrized in terms of the parameters andˇ, which are, respectively, the half time and heterogeneity degree. The half time is the observation time at which the probability of the original state being maintained is 1/2, and the heterogeneity degree measures how the change of state occurs broadly scattered in the observation times. The probability distributions are described in Yang et al. (2003) . Briefly, the probability of maintaining the original state at the observation time a is given by
where at a = 0 the follow up is initiated. The probability density to occur the change of state at the observation time a is
from s(a) = − dS(a)/da. The parameters andˇare fitted by the nonlinear likelihood estimation method based on the set of n recorded data˝={(a i , ω i )}, with i = 1, 2, · · ·, n, where the index i stands for the observation of ith individual and ω i is the outcome at the observation time a i (see Yang et al., 2009a) . With respect to the adult mosquitoes, censored individuals are those lost at each day's counting. Also the remaining mosquitoes at the last day of observation (ending of experiment) are considered censored. The figure is completely different with respect to the aquatic forms, because larvae and pupae do not escape as well as they ultimately changes to next stage. The censoring is, then, defined according to the phenomenon: in the survival study, the number of larvae emerging as adult mosquitoes is considered censored; while in the transition study, the number of died larvae and pupae is taken as censored. The observation time can be understood as the age of the mosquito or, in the case of the aquatic phase, the age of the immature form.
From the estimated parameters andˇ, we are able to calculate the average period of time in keeping the original state Á or average period of time elapsed before changing to next stage (both are generically represented by ) according to
The parameters Á and are called as, respectively, the survival time and the transition time (time spent in a specified stage). The corresponding error (Frank, 1978) is calculated from
The mortality rate or the transition rate (both are generically represented by ), regarded to, respectively, survival time and transition time, can be roughly approximated by
and the corresponding error as
Now we introduce a simple method to determine the survival and transition rates regarding larval and pupal stages. As we have pointed out above, in the follow up of entire aquatic phase, the mortality of larvae and pupae were registered, together with the transformation of larvae to pupae. Hence, we can estimate, collecting data regarded only to the larval stage, the survival and transition rates of larvae. From the estimated values of whole aquatic phase and larval stage, we can determine the survival and transition times of pupal stage as
where the subscripts q, p and l stand for, respectively, whole aquatic phase, pupal stage and larval stage. The survival and transition times in pupal stage comprise the mean time they spent in larval stage, which is the reason to subtract this period of time. The corresponding mortality and transition rates are calculated by Eq. (14).
To adjust temperature-depending entomological parameters we choose polynomial function of degree m,
where T is temperature in • C and the coefficients b i , with i = 0, 1, 2, . . ., m, are fitted by the linear least square estimation method (Yang et al., 2009a) . Finally, we established the suitability of the estimation methodology presented here, especially when the transitions occur quickly. All the followed up data were recorded every 24 h. In order to show the advantage of parametrized estimation procedure to determine the transition from one stage to other, we performed a follow up experiment recording the observations every 8 h. Then, we grouped three sequential observations and treated them as observations every 24 h, and compare the transition rate with that obtained from observations every 8 h, which is taken as gold standard. To enhance the practicality (in reducing observation times and efforts) of this method to estimate followed up data, we choose elevated temperatures (the transition process occurs quickly at high temperature) to maximize the difference between estimated transition rates.
Results
In this section we present the adjusted entomological parameters and how they are manipulated simultaneously by mathematical modelling.
Adjusted Entomological Parameters
We present the feasibility of estimating the entomological parameters regarding larval and pupal stages from a unique experiment involving whole aquatic phase. To estimate the survival and transition times with respect to pupal stage, we must obtain large number of pupae being transformed from larval stage simultaneously. This procedure is similar to that employed to recruit the number of adult mosquitoes or number of larvae from eggs to be followed up. We deliberately did not concern with pupal stage in order to enhance the usefulness of the methodology we are proposing: to describe phenomena in which development and maturation depend on the time elapsed since the 'birth'. In the mosquito's life cycle, pupal stage is preceded by larval stage before emerging in adult form. If we estimate survival and transition times regarded to larval stage and whole aquatic phase, then they can be handled to yield survival and transition times concerning to pupal stage according to Eq. (16).
The estimated temperature depending entomological parameters as polynomial given by (17) regarding to adult mosquito, oviposition rate and whole aquatic phase were presented in Yang et al. (2009a) . In Table 1 we present the estimated coefficients of the polynomials, recalling that the subscript q stands for the whole aquatic phase. Table 1 The entomological parameters regarding female mosquito and whole aquatic phase were estimated using an nth degree polynomial P(T) = b0 + b1T + b2T 2 + · · · + bnT n (from Yang et al., 2009a , except q , which is a new fitting using an arbitrary error 0.01 for transitions that are not occurred). Unit of b i is days In this paper we supply the extended mathematical model entomological parameters regarding to larval and pupal stages. First we fit the entomological parameters regarded to larval stage, l and l , by selecting data corresponding to larval stage from the experiment involving entire aquatic phase. With this subset of data, we fit the parameters andˇas follows.
The survival study is determined by the number of deaths occurring during the follow up in the larval stage. The aquatic phase of mosquito comprises larval and pupal stages, by which the hatched eggs must be passed through in order to emerge in adult form. In Table 2 we present the parameters andˇfitted against the followed up data corresponding to survival of larval stage.
At very low (10 • C) and high (40 • C) temperatures all larvae died reproducing the observations in Vector Topics (1980) . At low temperatures larvae survived more time than at high temperature, but they behaved more heterogeneously. Let us explain the fitting where < 2 orˇ< 2 , which occurred at 19.04 and 19.18 • C in (12) and (13) with andˇgiven in Table 2 . From these values we calculate the mortality rate of larval stage and its error using Eqs. (14) and (15). Table 3 presents the average survival time and the mortality rate of larval stage.
In the aquatic phase, it is not enough to survive larval and pupal stages. Each aquatic form must successfully be transformed in sequence (egg-larva-pupa) to emerge as an adult form in order to perpetuate its species. In Table 4 we present the parameters anď fitted against the followed up data corresponding to transitions from larval stage to pupal stage.
The larvae and pupae behaved heterogeneously at low temperature, and at 14.92 • C we observed the most heterogenous behavior. In temperatures higher than 20 • C the behavior was more homogeneous, especially between 26 and 35 • C. The heterogeneous behavior outside the optimal temperature seems to be an attempt to face adverse environment which results in high mortality rate.
The average transition time and its error are calculated using Eqs. (12) and (13) with andˇgiven in Table 4 . From these values we calculate the transition rate and its error using Eqs. (14) and (15). Table 5 presents the average transition time and the transition rate from larval stage to pupal stage.
Finally, we derive the entomological parameters taking into account the previously estimated values using Eqs. (16) and (14) with corresponding errors. This indirect method allows the estimation of parameters in larval and pupal stages from a unique follow up from the hatching of eggs until emerging of mosquitoes.
Table 3
The calculations of the average survival time Á (and error Á ) and the mortality rate (and error ) with respect to larva stage are shown. All larvae survived at temperatures 18.86, 26.84, 26.85, 31.61, 36.47 and 36.55 • C. Table 4 The estimations of the parameters half age (and variance 2 ) and heterogeneity( and variance 2 ) with respect to transition of larva stage are shown. The estimated parameters measure the period of time from hatching of eggs until transformation to pupae. All followed up larvae died for T < 10.45
• C and T > 39.95 Table 6 presents the average survival time and the mortality rate of pupal stage using Eqs. (16) and (14) with corresponding errors. The values of Á q are those given in Table 8 from Yang et al. (2009a) .
The negative values at 14.74 and 14.92 • C are due to smaller values of 2 . In both temperatures several larvae died near the last observation day. The reason is that at low temperatures, larvae spend large period of time in the larval stage and die without being transformed to pupae in the ending of experiment. Contrarily, the other smaller value of 2 at 19.04 • C did not present larvae dying near last observation days. The negative mortality rates are changed to zero. Hence, the indirect yielding of survival time in the Table 5 The calculations of the average transition time (and error ) and the transition rate (and error ) with respect to larva stage are shown. All followed up larvae died for T < 10.45
• C and T > 39.95 The derivations of the average survival time Á (and error Á ) and the mortality rate (and error ) with respect to pupa stage are shown. All larvae survived at temperatures 18.86, 26.84, 26.85, 31.61, 36.47 and 36.55 • C. Table 7 presents the average transition time and the transition rate from pupal stage to emerging of mosquitoes using Eqs. (16) and (14) with corresponding errors. The values of q are those given in Table 8 from Yang et al. (2009a) .
In contrast to the survival time, transition time of pupal stage is estimated with good accuracy in all temperatures. The reason is that the natural flow in the life cycle of mosquito is the emerging from pupae, which in turn come out from larvae. Due to the fact that we are dealing with non-ideal environment, deaths among larvae and pupae occur during the progression along the aquatic phase.
Let us compare the mortality and transition rates associated to larval and pupal stages. We observe that pupae are under slightly Table 7 The derivations of the average transition time (and error ) and the transition rate (and error ) with respect to pupa stage are shown. All followed up larvae died for T < 10.45
• C and T > 39.95 Table 8 The estimated and calculated parameters for the transition from larva to pupa and from larva to adult mosquito, using followed up data recorded every 8 and 24 h. high mortality than larvae. This finding is not expected, because larva is more fragile than pupa. The simple explanation is that the survival of aquatic phase comprised in counting died larvae and pupae. However, we observe that larval stage is at least 3-fold longer than pupal stage, an expected result. We have estimated all parameters from data collected every 1 day. To address the question about the accuracy of these estimations, we compare the transition rate with that resulted from observations every 8 h, which is taken as the gold standard. In Table 8 we show the estimated entomological parameters regarding to the transitions from larva to pupa and from larva to adult mosquito for 30 • C and 35 • C, because at higher temperatures, the transitions between successive stages occur quickly. Being, therefore, the period of time spending at each stage short, the comparison between the estimated transition rates obtained from 8 and 24 h of observations will enhance different outcomes. We observe that the difference of transition rates between successive observations elapsing 8 h and 24 h are at most 9%, which decreases when the transition time increases. Even sparse observations do not deviate so much from 'gold standard value' when the parametrized survival function (10) is considered.
Let us now adjust the rates of mortality and transition using the polynomial (17). Based on Tables 3 and 6, we fit the mortality rate as a function of temperature of larval (Fig. 1a) and pupal (Fig. 1b) stages. For T > 40.38 • C, the negative values in the larvae mortality rate must be changed to zero, and for T > 39.95 • C, the negative values in the pupae mortality rate must be changed to zero.
Based on Tables 5 and 7 , we fit the transition rates as a function of temperature of larval (Fig. 2a) and pupal (Fig. 2b) stages. We let = 0 and = 10 −2 in the temperatures (10 and 40 • C) at which larvae really do not develop to pupae.
Hence, we have temperature depending entomological parameters and f (Table 1) , and l , l , p and l . Thu et al. (1998) estimated development of mosquito stages at different temperatures, and their findings are comprised in the estimated values given in Tables 5 and 7 . The survival of adult mosquitoes found by Thu et al. (1998) corroborates those estimated in Yang et al. (2009a) : the adult mosquitoes survived long period of time at intermediate temperatures, and at very high temperature, the mortality rate is very high. Next we assess how these parameters influence the mosquitoes population and dengue risk.
Epidemiology Based on Mathematical Model
In foregoing section, we applied population dynamics theory to evaluate the number of mosquito population based on the entomological parameters. The key parameters to determine the size of mosquito population and the dengue risk are the basic offspring number Q 0 and the basic reproduction number R 0 .
In Fig. 3 we present curves of the basic offspring number Q 0 for two models, using Eq. (3). The estimation of Q 0 differs according to (1.256 × 10 −2 ), b5 = −5.887 × 10 −4 (4.576 × 10 −4 ), b6 = 1.411 × 10 −5 (1.003 × 10 −5 ), b7 = −1.852 × 10 −7 (1.213 × 10 −7 ), and b8 = 1.022 × 10 −9 (6.206 × 10 −10 ) (thick curve). Fitting for seventh (thinner) and ninth (thin) degree polynomials and calculated values ( ) are also shown. model specification. In general, mathematical model that takes into account more details regarded to biological phenomenon furnishes more reliable information and avoids catastrophic forecasting. As we have shown in foregoing section, the mosquito population cannot be maintained in a region if Q 0 ≤ 1. From Fig. 3 , we have Q 0 ≤ 1 (we do not have dengue transmission because the region is free of mosquito) if T ≤ 14.66 • C and T ≥ 36.94 • C for one aquatic phase; and T ≤ 15.41 • C and T ≥ 36.86 for model considering larval and pupal stages.
The model structured with one more compartment shows that the curve of Q 0 situates always below and inside with respect to the curve provided by the simplest model. Additionally, the interval of temperature at which mosquito population can invade and colonize new areas is slightly diminished in more detailed model. In another words, more detailed model seems to predict less capacity of mosquito's invasion and infestation than the simplified version of the model. When Q 0 > 1, the size of the mosquito population M*, from the third equation of (2), increases proportionally with the carrying capacity C. In Fig. 4 we show the number of mosquito population M*, using arbitrarily C = 1 (for instance, if C is increased 10 times, the vertical axis, the number of mosquitoes, must be multiplied by this factor). Note that M* is not proportional to Q 0 , because entomological parameters affecting Q 0 affects M*. For instance, for temperatures near lower and upper bounds where we have Q 0 near one, simplified version of the model predicts slightly higher number of mosquitoes, but for intermediate temperatures, detailed model shows higher number of mosquitoes, even that the basic offspring number is low.
Q 0 measures the reproductive capacity of female mosquitoes, for this reason the number of larvae L* increases depending only on Q 0 . These larvae must survive and become pupae, which in turn must survive and emerge as adult mosquitoes. Hence M* depends not only on Q 0 , but also on the capacity of becoming pupae, on the probability of surviving pupal stage and on the surviving adult phase. These combinations resulted in lower number of female mosquitoes even when the capacity of generating descendants is higher. However, the capacity of invading and colonizing new regions is depending only on Q 0 (Maidana and Yang, 2008) .
In Figs. 3 and 4, we let kf = 0.25, based on the following reasons. Assuming that half of eggs will produce female mosquitoes, then f = 0.5, which must not change with temperature. However, the eclosion of eggs and the time of hatching of first larvae since the completion of embryogenesis depends on temperature must vary with temperature (Farnesi et al., 2009 ). In the calculations we assumed k = 0.5 for all range of temperatures, which corresponds to the eclosion rate at 35 • C, the lowest rate obtained by Farnesi et al. (2009) . We stress the fact that the rate of embryogenic completion and the eclosion rate can be incorporated in the Eq. (3) by introducing one more compartment (eggs) in the model. The introduction of eggs compartment changes the basic offspring number Q 0 and the number of mosquitoes M* according to
where e is the rate of embryogenic completion and eclosion of eggs in order to become larvae, and e is the mortality rate of eggs. In the interpretation of Q 0 , e /( e + e ) is the probability that an egg survives egg phase, and hatch to larvae in aquatic environment. Notice that this probability replaces the fraction of viable eggs k in Eq. (3).
As we have pointed out in foregoing section, the intrinsic and extrinsic incubation periods,˛− 1 and −1 , are assumed to be constant with temperature (the extrinsic incubation period is strongly dependent on temperature (Lindsay and Birley, 1996; Thu et al., 1998 ), but we restrict the analysis taking into account only the variations provided by the estimated entomological parameters). Therefore, the risk of dengue outbreak is assessed taking into account only the variation of the entomological parameters with temperature. In Fig. 5 we present threshold transmission coefficienť th as a function of temperature. The curve corresponding to the threshold transmission coefficientˇt h was obtained using NC = 1; however, if we increase 10 times this value, the curve displaces down one unity (we are using log-scale), decreasing the threshold transmission coefficientˇt h , and, consequently, increasing the possibility of dengue outbreak.
The model structured with one more compartment shows that the interval of temperature of the curveˇt h situates inside with respect to the curve provided by the reduced model. However, at a large range of temperatures,ˇt h obtained from more detailed model is lower than the simplified version. This behavior is similar to that observed with respect to the number of mosquitoes (Fig. 4) . Hence the detailed model shows that dengue epidemics occurs slightly more severe and in a narrow range of temperature than the simplified version of the model.
Besides the different outcomes regarding to the basic offspring number and basic reproduction number, the inclusion of one more compartment that became the model more complex allowed us to understand the curves shown in Fig. 5 : the crossing in the threshold curves is essentially due to the behavior in the number of mosquitoes rather than to the basic offspring number. Hence, it should be very interesting to analyze the effects of adding egg compartment by estimating the parameters e and e .
When we do not have precise estimation of the transmission coefficients, the corresponding threshold values can be seen as an alternative to assess the dengue outbreaks or severity of dengue epidemics. Let us consider the curve corresponding toˇt h in Fig. 5 . Let us suppose that the transmission coefficients in a certain region are nearlyˇs h andˇs m . Then, we draw a horizontal line with value log(ˇs hˇs m ) in the log(ˇt h ) × T coordinates, which intercepts the curve at two temperatures, say T 1 and T 2 . If this chosen region situates between T 1 and T 2 , the dengue epidemics can be triggered, and the temperature at which the epidemics level is the most severe is approximately 28 • C, whereˇt h assumes the lowest value. The basic reproduction number R 0 can be thought of comparable to the vector capacity: both are structured in terms of the biting rates of mosquitoes (squared), survival rate and extrinsic incubation period. Barbazan et al. (2010) assessed the effect of temperature on the vector capacity, and they concluded that halving the length of the biting interval with 10 • C rise in temperature increases the transmission rate by at least 2.4 times.
The basic reproduction number R 0 is a quotient between the transmission coefficients and its threshold value. For this reason, the distance between them, for instance ˇhˇm −ˇt h , in some extent measures the welfare of a community (or region) with respect to dengue disease. Ifˇhˇm <ˇt h and the difference is very high, the community is practically free of dengue outbreaks; otherwise, the dengue outbreaks should be very severe. However, the levels of recurrent dengue epidemics are not depending only on transmission coefficients, but also on the fractions of susceptible populations of mosquitoes and humans: if both fractions are nearly one (exactly one when the dengue disease is introduced in a completely susceptible population), more severe will be the next dengue outbreak (Yang, 1998) .
The modern life style produces as residuals recipients that are appropriate to receive eggs from female mosquitoes. This is one of the reasons to explain the reemerging of A. aegypti mosquitoes in heavily populated areas and also to the persistence of them facing great efforts of eradication. To eradicate the dengue vector, chemical and mechanical controls are applied to mosquito population, besides the remotion of breeding sites (mechanical control). These controls can be incorporated in the model: the chemical control can be incorporated in the model introducing additional mortality rates in the larval and pupal stages and in adult mosquitoes, and mechanical control decreases the carrying capacity C besides increasing the mortality rate of eggs. The introduction of these forms of control aims to reduce the offspring number to Q ,
where prime ( ) stands for the additional mortality rates due to control mechanisms. The effect is the reduction in the basic offspring number Q 0 . The mechanical control affects the basic offspring number, but also reduces the total amount of breeding sites, decreasing the carrying capacity C. Maybe the unique adversity is the active adherence of the individuals to maintain the reduced breeding sites, in order to avoid the quick return to the previous infestation level (Kroeger et al., 1995) . Therefore, the basic offspring number Q 0 , in conjunction with the past incidences of dengue infection, should be a very useful information to help in designing and implementing the controlling mechanisms to diminish the population size of mosquito by public health authorities.
Discussions and Conclusion
A previously developed mathematical model taking into account whole aquatic phase as one compartment (Yang et al., 2009a) was modified to split aquatic phase in larval and pupal stages. To obtain new entomological parameters, we used data collected from temperature-controlled experiments aiming to study the influence of temperature in mortality and transition rates regarding to mosquito's life cycle. The followed up mosquitoes were those found in the City of Marlia (350 km far from the City of São Paulo), situated at northwest of the São Paulo State, Brazil.
We estimated the entomological parameters regarding to larval and pupal stages (Figs. 1 and 2) from data considering whole aquatic phase (from eggs until emerging of adult mosquitoes). The estimations were obtained by considering the methodology presented here, which presented good fittings, even that we used polynomial function and, consequently, a simple linear fitting. Non-linear fittings could be attempted, as the generalized additive model.
The parametrized probability functions used to fit followed up data showed some advantages. Even in extreme temperatures at which very low number of individuals suffered change of state (from alive to death in different stages of life cycle and transition from one stage to another stage in the aquatic phase), the adjusted probability functions provided reasonable estimations (Yang et al., 2009a) . Another advantage is the possibility of deriving estimations of more parameters from a unique followed up data: we illustrate this feature obtaining mortality and transition rates regarding larval and pupal stages from a unique follow up of entire aquatic phase encompassing two successive stages. The transitions in aquatic phase of mosquito's life cycle occur quickly in higher temperatures. We showed that the estimation of entomological parameters from observations recorded every 24 h does not result in higher errors. In order to show this, we compared two sets of observations, collected every 8 and 24 h, and we observed that both estimations are closer. There are several advantages of following up every 24 h: diminishing costs, reducing perturbations in the experiments during counting, minimizing the locomotion of researchers to the laboratory which saves times, etc.
We analyzed the model assuming constant entomological parameters, from which we obtained the basic offspring number Q 0 and basic reproduction number R 0 . Our main purpose was to compare the results provided by these epidemiological parameters obtained from two models, where one is simplified version of the other. We stress the fact that we did not divide the whole aquatic phase into three phases presenting very different characteristics: egg, lava (this can be split into different instars, but they have similar aspects) and pupa. The reason is that we did not estimate any parameters regarding to egg phase. The extended model is more realistic because the larval and pupal stages are physiologically and behaviorally different. Moreover, this model can evaluate better the use of larvicides to control mosquito population because larvicides induce additional mortality on larval stage, leaving pupal stage practically unaffected.
The estimated entomological parameters regarding to larval and pupal stages were used to analyze the effects of details being introduced in mathematical modellings. Figs. 3-5 illustrate how the predictive capacity of models is affected by details. The model encompassing larval and pupal stages showed high infestation of mosquitoes (M* higher, Fig. 4 ) and more risk of dengue epidemics (ˇt h lower, Fig. 5 ) than the corresponding model considering only one aquatic phase for intermediate temperatures. The comparison between two models allowed us to show that the reproduction capacity of the vector measured by the basic offspring number alone cannot be considered to establish the absolute risk of dengue disease. However, lower and upper bounds of temperature at which there is an outbreak of dengue epidemics is lower and higher than the bounds provided by simplified version of the model. The difference in lower bounds is 0.75 • C, which is not negligible, if we take into account the global warming up and vector controlling efforts. With respect to the global warming up, the basic offspring number Q 0 increases monotonically until 29 • C increasing the risk of dengue disease in sub-tropical regions. Another consequence is an increasing in the expectation (probability) of invasion and colonization by mosquitoes A. aegypti in temperate regions. Hence the global warming up should be considered seriously by the public health authorities because those regions are heavily populated. Restricting only in the variation of temperature, the gains with global warming up seem very restrictive, since the temperature at which mosquito population is naturally eradicated must be higher than 36 • C.
Finally, we will point out some further works related to this paper. First, we can allow to the entomological parameters of the model, Eqs. (6) and (7), to vary with calendar year, instead of the assumption of the annual mean values. For instance, we can retrieve collected temperature data during several years from a selected city. Then the varying temperature with time can be matched with the temperature varying entomological parameters and f (Table 1) , and l , l , p and p ( Figs. 1 and 2 ). By doing this we can assess the time varying number of mosquitoes and incidence of dengue disease. These results obtained by simulating the model can be compared with real data (Lu et al., 2009; Chen et al., 2010 fitted incidence data considering time lagged temperature to assess the effect of meteorological factors with dengue transmission). Another important aspect is the possibility of evaluating optimal time to introduce some kind of intervention, as mechanical control and chemical controls as insecticide and larvicide (Yang and Ferreira, 2008) . Further study is, taking into account the estimated entomological parameters, to assess how the uncertainties affect the epidemiological parameters. To address this question, the sensitivity analysis of the basic offspring number and the basic reproduction number with respect to the entomological parameters can be performed taking into account the high level of variability in the estimated parameters (Yang, 2001) . Besides the sensitivity of the parameters, stochastic version of the deterministic model can be simulated by considering the entomological parameters behaving as random variables.
